Introduction {#s1}
============

MicroRNAs (miRNAs) are functional single-strand RNAs, \~22 nucleotides long, which are transcribed in the nucleus first by RNA polymerase II, called pri-miRNAs. After they are cleaved by Drosha and DGCR8, pri-miRNAs are transferred to pre-miRNAs, and then with the aid of exportin 5, pre-miRNAs were transported to the cytoplasm and processed by Dicer, leading to the formation of double-stranded microRNA, and then the dimeric RNAs are unwound by Argonaute proteins and incorporated into RNA-induced silencing complex (RISC). RISC directly binds to the 3′ untranslated region (UTR) of targeted mRNAs to degrade or repress translation ([@B1]).

The first miRNA was identified in *Caenorhabditis elegans* by Lee et al. ([@B2]), who found that a short RNA product encoded by *lin-4* could partially complement the 3′ UTR of *lin-14* mRNA, reduce the amount of lin-14 protein, and regulate the development of *C. elegans*. Following the discovery of the second miRNA, *let-7*, which is conserved in many organisms, the roles of miRNAs in non-nematode species became apparent ([@B3]). To date, miRNAs have been found to participate in many physiological processes such as cell cycle regulation, proliferation, apoptosis, and neurogenesis ([@B4]). miRNAs regulate up to 60% of protein-coding genes ([@B5]), and the deregulation of miRNAs is associated with various human diseases, including cancer, autoimmune diseases, cardiovascular and neurological disorders ([@B6]).

In tumor cells, aberrantly expressed miRNAs exert tumor-suppressive or oncogenic functions by regulating the expression of mRNAs in different signaling pathways, thereby affecting tumor progression ([@B7]). The miR-15 and miR-16 were the first miRNAs linked to cancer. In 2002, Calin et al. found they were downregulated in most patients with chronic lymphocytic leukemia (CLL) ([@B8]). Furthermore, miR-155, miR-21, and miR-210 expression levels are elevated in the sera of patients with diffuse large B-cell lymphoma (DLBCL) ([@B9]). These observations suggested the use of miRNAs as diagnostic and prognostic biomarkers. miRNAs are also regarded as therapeutic targets in human cancer, and several related clinical trials have been conducted ([@B10]).

The tumor microenvironment (TME) is very complex and in addition to tumor cells, comprises several infiltrated cell types such as infiltrated immune cells, cancer-associated endothelial cells (CAEs), and cancer-associated fibroblasts (CAFs). These cells significantly contribute to tumor progression, and deregulated miRNAs expression in these cells might determine the fate of the tumor. In this review, we summarize the role of miRNAs in the crosstalk between these cells and tumor cells, to enhance our understanding of the significance of miRNAs in the TME and lay a foundation for miRNA-based therapies in cancer treatment.

miRNAs play a role in the modulation of the TME {#s2}
===============================================

miRNAs as modulators between infiltrated immune cells and tumor cells
---------------------------------------------------------------------

Different types of infiltrated immune cells are involved in the TME and contribute to the regulation of the fine balance between anti- and pro-tumor signals. Among them, lymphocytes (especially T cells), natural killer cells (NKs), and dendritic cells (DCs) are crucial for tumor suppression, while regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs) are considered to play immunosuppressive roles. As multifaceted regulators, miRNAs influence the differentiation and function of the immune cells mentioned above. The miR-155, for example, has been reported to be widely expressed in immune cells. In T cells, it was initially found to regulate the Th cell lineage decision, because miR-155-deficient mice display a bias toward Th2 differentiation ([@B11]). Tregs proliferation and homeostasis can also be modulated by miR-155 ([@B12]). In NKs, miR-155 was found to promote NK expansion and functional activation and enhance the production of IFN-γ ([@B13], [@B14]). miR-155 deficiency in DCs impairs their maturation, migration ability, cytokine production, and ability to activate T cells ([@B15]). In MDSCs, miR-155 is involved in the expansion of MDSCs and is required to facilitate tumor growth ([@B16]). In TAMs, the downregulation of miR-155 increases the production of IL-10, enhancing its immunosuppressive function ([@B17]). The roles of miRNAs in immune and cancer cells have been thoroughly reviewed elsewhere ([@B7], [@B18]), while the miRNA-mediated crosstalk between tumor-infiltrated immune cells and tumor cells in the TME remains to be elucidated. Hence, in this section, we will discuss several representative and well-studied miRNAs that act as critical modulators of the immune response in the TME.

### miRNAs as modulators between T cells and tumor cells

T lymphocyte-mediated immune responses are critical for tumor immunity. After activation, CD4^+^ T cells differentiate into different types of T helper cells (Th1, Th2, Th17, and Tfh) and Tregs. miRNAs have been increasingly recognized as important modulators of Th cells and Tregs fate decisions and effector functions ([@B19]). Th2 and Th17 cells mainly mediate responses against helminths, bacteria, and fungi, and although they are necessary for effective T cell-dependent antibody responses, they do not participate directly in tumor immunity. Thus, the miRNA-mediated crosstalk with these cells will not be discussed here.

Th1 cells are the main CD4^+^ T cell population involved in the response against tumors. The production of IFN-γ is a hallmark of Th1 cells function in the TME. miRNAs such as the miR-17-92 cluster, miR-24, and miR-181 participate in the production of IFN-γ ([@B20], [@B21]) (Figure [1A](#F1){ref-type="fig"}). The miR-17-92 cluster, for example, plays a key role in controlling Th1 cells responses through multiple coordinated processes. Deficiency of miR-17-92 cluster in CD4^+^ T cells significantly impairs the Th1 cells response to B16 tumor cells, including a decrease in Th1 cells number and IFN-γ production and impairment in the ability of CD4^+^ T cells to help CD8^+^ T cells. Two members of the miR-17-92 cluster, miR-19b and miR-17, cooperate and inhibit tumor progression. Specifically, miR-19b directly targets *PTEN*, enhances the activity of the PI3K/AKT signaling pathway, promotes the proliferation of Th1 cells and the production of IFN-γ, and inhibits the differentiation of iTreg. miR-17 targets *CREB1* and *TGF*β*-II* and inhibits the differentiation of iTreg ([@B20]). These data suggest that the inhibition of the miR-17-92 cluster might subvert the immune response against tumors.

![MicroRNAs (miRNAs) act as modulators between T cells and tumor cells **(A)** miRNAs expressed in Th1 cells modulate tumor progression by inducing iTreg differentiation or secreting IFN-γ; tumor-derived miRNAs affect the differentiation/IFN-γ production by Th1 cells. **(B)** miRNAs expressed in Tregs modulate tumor progression by regulating transcription factor expression or cytokine production; tumor-derived miRNAs affect the expansion/cytokine production in Tregs. **(C)** miRNAs expressed in CD8^+^ T cells modulate tumor progression by regulating effector molecule (IFN-γ and perforin/granzyme B) production; tumor-derived factors affect miRNAs expression in CD8^+^ T cells, further affect the proliferation/IFN-γ production by CD8^+^ T cells.](fimmu-09-02491-g0001){#F1}

miRNAs expressed in tumor cells affect the function of Th1 cells (Figure [1A](#F1){ref-type="fig"}). For example, miRNAs in tumor-derived microvesicles (MVs)/exosomes such as miR-24-3p, miR-891a, miR-106a-5p, miR-20a-5p, and miR-1908, have been found to impair T cell function by inhibiting Th1 and Th17 differentiation; downregulating the MAPK pathway; affecting the secretion of cytokines such as IL-1β, IL-6, IL-10, IFN-γ, IL-2, and IL-17, and reducing the antitumor effect ([@B22]).

Tregs are important in maintaining immunosuppression. Many miRNAs such as miR-21, miR-126, miR-142-3p, miR-146, and miR-155 have been reported to regulate the differentiation, maintenance, and function of Tregs ([@B12], [@B23]--[@B26]). Regarding the function of Tregs in the TME, miR-21 has been found to be highly expressed in CCR6^+^ Tregs in tumor tissues from a murine breast cancer model. Silencing of miR-21 altered the enrichment of CCR6^+^ Tregs in the tumor mass and enhanced the antitumor effect of CD8^+^ T cells. Mechanistic evidence has shown that miR-21 targets *PTEN*, alters the activation of the AKT pathway, and reduces the proliferation of CCR6^+^ Tregs, abrogating their immunosuppressive capacity ([@B26]). Other miRNAs, such as miR-31 ([@B27]), miR-210 ([@B28]), and the miR-17-92 cluster ([@B29]) have been reported to regulate the expression of Foxp3 and IL-10 and affect the immunosuppressive function of Tregs (Figure [1B](#F1){ref-type="fig"}), but their roles in the TME remain unclear. This indicates that the targeting of specific miRNAs in Tregs is promising in the development of therapeutic strategies against tumors.

Tumor-derived factors such as miRNAs could also be taken up by Tregs, further affecting the immune response (Figure [1B](#F1){ref-type="fig"}). The miR-214 secreted by various human cancers and mouse tumor models is delivered to recipient Tregs by MVs, efficiently downregulates *PTEN*, promotes Tregs expansion, and enhances the production of IL-10 *in vitro* ([@B30]). Specifically, the authors found that in a lung carcinoma model in nude mice, miR-214 increased the secretion of IL-10 by Tregs and promoted tumor growth. However, when anti-miR-214 antisense oligonucleotides (ASOs) were delivered to mice implanted with tumors, the expansion of Tregs was blocked and tumor growth was inhibited (Figure [1B](#F1){ref-type="fig"}). This revealed a novel mechanism through which cancer cells actively manipulate the immune response by promoting Tregs expansion ([@B30]).

The antitumor effect of CD8^+^ T cells in the TME can be evaluated by the cytokines (mainly IFN-γ) and cytotoxic molecules (mainly perforin and granzyme B) they produce. The process can also be regulated by miRNAs. Several research groups have identified unique miRNAs that regulate CD8^+^ T cell production of IFN-γ, such as miR-29 ([@B31]), miR-146a, and miR-155 ([@B32]) (Figure [1C](#F1){ref-type="fig"}). For example, in a mouse melanoma model, researchers found restricted tumor growth in miR-146a-deficient mice and enhanced tumor activity in miR-155-deficient mice. miR-155 seemed to play a more dominant role than that of miR-146a, because in mice lacking both miR-146a and miR-155, CD8^+^ T cells show defects in IFN-γ expression and antitumor immunity, a phenotype similar to that observed in CD8^+^ T cells of miR-155-deficient mice ([@B32]). Similarly, another group found that when miR-155 was overexpressed in CD8^+^ T cells, the survival of tumor-challenged mice was prolonged significantly ([@B33]).

miRNAs also mediate CD8^+^ T cells effector responses other than IFN-γ production, such as the secretion of perforin and granzyme B (Figure [1C](#F1){ref-type="fig"}). For example, the miR-17-92 cluster ([@B34]) and miR-23a ([@B35]) have been reported to regulate the expression of these cytotoxic molecules in CD8^+^ T cells. miR-17-92-deficient CD8^+^ T cells failed to upregulate T-bet and Eomes through an unknown mechanism, which ultimately decreased the production of perforin and granzyme B ([@B34]). On the other hand, miR-23a has been found to be upregulated in tumor-infiltrating CD8^+^ T cells of patients with lung cancer, where it acts as a repressor of the transcription factor *BLIMP-1*, which promotes CD8^+^ T cell cytotoxicity. The inhibition of miR-23a enhances granzyme B expression in human CTLs and robustly hinders tumor progression in mice with established melanoma tumors. These data indicate that by modulating different signaling pathways, the miR-17-92 cluster and miR-23a play opposite roles in regulating the function of CD8^+^ T cells, suggesting the multifaceted function of miRNAs in the TME.

Moreover, tumor-derived factors influence the miRNAs expression of CD8^+^ T cells (Figure [1C](#F1){ref-type="fig"}), tumor-derived TGF-β induce the expression of miR-491 in CD8^+^ T cells. High expression level of miR-491 decreased cell proliferation, increased apoptosis, and decreased IFN-γ production by CD8^+^ T cells. These effects are exerted through the targeting of *Bcl-xL, CDK4*, and *TCF-1*, thereby enhancing tumor immune escape ([@B36]).

Immune checkpoint molecules expressed on T cells surfaces such as PD-1, CTLA-4, TIM-3, BTLA, and LAG3 are particularly appealing for cancer therapy. Evidence has shown that the expression of these molecules could be regulated by miRNAs, and they influence tumor progression by different mechanisms ([@B37]--[@B42]), and representative miRNAs involved in these processes are indicated in Table [1](#T1){ref-type="table"}. In addition, checkpoint molecules such as PD-L1 expressed on tumor cells can also be regulated by miRNAs, and they affect the function of immune cells and alter the behavior of tumor cells ([@B43]--[@B48]), as summarized in Table [2](#T2){ref-type="table"}.

###### 

Representative immune cell microRNAs (miRNAs) related to the immune response in the tumor microenvironment (TME).

  **miRNAs**   **Host cells**   **Target molecules**   **Expression level**   **Immune-related roles in the TME**                                                                **References**
  ------------ ---------------- ---------------------- ---------------------- -------------------------------------------------------------------------------------------------- ----------------
  miR-15a/16   T                PD-1, TIM-3, LAG3      Downregulated          Enhances the activation of tumor-infiltrating CD8^+^T cells                                        ([@B42])
  miR-28       T                PD-1, TIM-3, BTLA      Downregulated          Inhibits T cell exhaustion, regulates the secretion of cytokines (IL-2 and TNF-α)                  ([@B39])
  miR-138      T                PD-1, CTLA-4           Downregulated          Exerts anti-glioma efficacy                                                                        ([@B41])
  miR-182      NK               NKG2A NKG2D            Upregulated            Induces NK-cell cytotoxicity (perforin-1 upregulation and increase in cytolytic killing ability)   ([@B38])
  miR-1245     NK               NKG2D                  Downregulated          Promotes cancer immunosurveillance                                                                 ([@B37])
  miR-30c      NK               NKG2D CD107a, FasL     Upregulated            Enhances NK cell activation and cytotoxicity to tumor cells                                        ([@B40])

###### 

Representative tumor cell microRNA (miRNAs) related to immune response in tumor microenvironment (TME).

  **miRNAs**                 **Host cells**   **Target molecules**   **Expression level**   **Immune-related roles in the TME**                                                                **References**
  -------------------------- ---------------- ---------------------- ---------------------- -------------------------------------------------------------------------------------------------- ----------------
  miR-BART-2, 4, 5, 18, 22   CRC, GC          PD-L1                  Upregulated            Suppress immune responses, enhance the secretion of TGF-β and IL-10                                ([@B45])
  miR-200                    NSCLC            PD-L1                  Downregulated          Reverses CD8^+^T cell exhaustion                                                                   ([@B43])
  miR-20b, 21, 130b          CRC              PD-L1                  Upregulated            Mitigate T cell activation                                                                         ([@B44])
  miR-424(322)               OC               PD-L1                  Downregulated          Promotes the proliferation of functional cytotoxic CD8^+^ T cells and inhibits MDSCs and Tregs     ([@B47])
  miR-34a                    AML              PD-L1                  Downregulated          Reduces specific T cell apoptosis                                                                  ([@B46])
  miR-142-5p                 PC               PD-L1                  Downregulated          Increases CD4^+^T cells and CD8^+^ T cells, decreases PD-1^+^ T cells, increases IFN-γ and TNF-α   ([@B48])

*CRC, colorectal cancer; GC, gastric cancer; NSCLC, non-small cell lung cancer; OC, ovarian cancer; AML, acute myelocytic leukemia; PC, pancreatic cancer*.

Collectively, these data support the notion that the widespread changes in miRNA expression in T cells affect tumorigenesis and determine the behavior of cancer. Therefore, deregulated miRNAs in T cells may be regarded as potential targets in cancer immunotherapy.

### miRNAs as modulators between NKs and tumor cells

NKs can rapidly respond to the presence of tumor cells and initiate an antitumor immune response by producing effector molecules such as IFN-γ, perforin, and granzyme B ([@B49], [@B50]) (Figure [2A](#F2){ref-type="fig"}). The most extensively studied individual miRNA in NKs is miR-155, which promotes the production of IFN-γ by targeting *SHIP1* in NKs, increases antitumor activity *in vitro*, and improves the survival of lymphoma-bearing mice *in vivo* ([@B14]). Other miRNAs such as miR-15/16, miR-29, and miR-181 also regulate the production of IFN-γ in NKs by different mechanisms ([@B31], [@B51], [@B52]) (Figure [2A](#F2){ref-type="fig"}).

![MicroRNAs (miRNAs) act as modulators between natural killer (NKs)/dendritic cells (DCs) and tumor cells **(A)** miRNAs expressed in NKs modulate tumor progression by regulating the production of effector molecules (IFN-γ and perforin/granzyme B) and the activating receptor NKG2D; tumor-derived miRNAs affect the IFN-γ production/CD107 expression in NKs. **(B)** miRNAs expressed in DCs modulate tumor progression by regulating Th17 differentiation, co-stimulatory molecules expression, or T cell activation; tumor-derived miRNAs can be taken up by DCs, affecting the tumor immunity of DCs.](fimmu-09-02491-g0002){#F2}

A number of groups have reported that miRNAs such as miR-27a-5p, miR-30e, miR-150, miR-223, and miR-378 potentially regulate perforin or granzyme B production or both and impair the antitumor potential of NKs in the TME ([@B53]--[@B56]). Notably, miR-150-deficient NKs have higher perforin levels and increased NKs cytotoxicity than non-deficient NKs do. Moreover, it has been shown that injection of miR-150-deficient NKs in immune-deficient mice causes a significant reduction in tumor growth and metastasis of B16 melanoma. Thus, the therapeutic control of miR-150 in NKs could enhance NK-based immunotherapy against cancer, providing a better clinical outcome ([@B56]).

NKs activation status is also determined by the balance between activating and inhibitory receptors, such as NKG2D and NKG2A, respectively (Figure [2A](#F2){ref-type="fig"}). Researchers have demonstrated that the NKs of patients with hepatocellular carcinoma (HCC) have higher miR-182 levels than those of healthy subjects. In the same patients, NKG2D and NKG2A were upregulated and downregulated, respectively. Interestingly, miR-182 overexpression in isolated HCC NKs was associated with the upregulation of both receptors, increased production of perforin-1, and cytotoxicity of NKs when these cells were co-cultured with Huh-7 cells. This suggested that, upon overexpression of miR-182, the activation signals of NKG2D override the inhibitory signals of NKG2A, leading to enhanced cytotoxicity of NKs ([@B38]). Other miRNAs ([@B40], [@B57]) involved in the regulation of these receptors are summarized in Table [1](#T1){ref-type="table"}.

Tumor-derived MVs are key mediators of the interactions between tumor and immune cells (Figure [2A](#F2){ref-type="fig"}). Berchem et al. ([@B58]) found that MVs derived from hypoxic tumor cells are taken up by NKs and affect the immune response. For example, miR-23a in hypoxic tumor-derived MVs operates as an immunosuppressive factor in NKs, by directly targeting *IFN-*γ and *CD107a* in NKs and attenuating NK function. TGF-β secreted by tumor cells can also be transferred to NKs by MVs, decreasing the cell surface expression of NKG2D and inhibiting NK function ([@B58]).

Thus, miRNAs expressed in NKs or secreted by tumor cells affect tumor behavior by manipulating the production of effector molecules or the expression of cell surface molecules. These findings highlight the potential role of miRNAs in evading immune surveillance and hence, in tumor progression.

### miRNAs as modulators between DCs and tumor cells

DCs are central players in the induction of antitumoral immunity, providing critical signals that drive the induction of T cell responses. Notably, miRNAs expressed in DCs, such as miR-22 ([@B59]), miR-155 ([@B60]), and miR-301 ([@B61]) are associated with the antitumor activity of DCs and their immune regulation (Figure [2B](#F2){ref-type="fig"}). Researchers found that in the B16 mouse melanoma model, the overexpression of miR-22 in DCs leads to faster tumor development, larger tumor size, shorter survival time, and heavier tumors than miR-22 inhibitor group. Specifically, the authors showed that miR-22 decreased the production of IL-6, which in turn, inhibited the polarization of Th17 and the expression of IL-17A, finally promoting tumor growth ([@B59]). Furthermore, miR-22 inhibited *p38*, thereby downregulating CD40, CD80, and CD86 and raising the risk of DC dysfunction. Thus, miR-22 has a tumor-promoting effect and impairs the effectiveness of immunotherapy, suggesting that the inhibition of miR-22 could be a strategy to enhance the antitumor activity of DCs. Therefore, miR-22 inhibitors could serve as promising agents to improve the performance of existing DC-based therapeutic tumor vaccines ([@B59]).

miR-155, which plays important roles in various cell types, can also regulate the properties of DCs. Researchers have found that miR-155 induction is required for efficient DC maturation and is critical for the ability of DCs to promote antigen-specific T cell activation ([@B60]). The enhancement of the activity of miR-155 in ovarian cancer-associated DCs could transform them from immunosuppressive to highly immune stimulatory cells, capable of triggering potent antitumor responses and abrogating the progression of ovarian cancer ([@B62]).

miRNAs derived from tumor cells also affect DCs (Figure [2B](#F2){ref-type="fig"}). miR-212-3p, secreted from pancreatic cancer cells, can be transferred to DCs and inhibit *RFXAP* expression, resulting in decreased expression of MHC-II molecules and induced immune tolerance of DCs ([@B63]). Similarly, miR-203, derived from pancreatic cancer-secreted exosomes, can be transferred to DCs, leading to the downregulation of *TLR4* and reducing the production of TNF-α and IL-12, which are necessary for the maturation and differentiation of DCs, respectively, and resulting in weakened cellular immunity ([@B64]). These findings suggest that exosome-mediated miRNA transfer between immune and tumor cells plays an important role in the modulation of the TME and that the associated miRNAs might be new potential targets for tumor immunotherapy.

### miRNAs as modulators between MDSCs and tumor cells

MDSCs comprise the major cell population that negatively regulates immune responses. MDSCs suppress T cells function through a number of mechanisms involving arginase 1 (ARG1), inducible NO synthase (iNOS), and reactive oxygen species (ROS) ([@B65], [@B66]). It has been demonstrated that some miRNAs such as miR-494, miR-155, and miR-21 are fundamental for the recruitment of MDSCs to the tumor site (Figure [3A](#F3){ref-type="fig"}), contributing to the modulation of their immunosuppressive function and to tumor growth by regulating the production of ARG1 and iNOS ([@B67], [@B68]). In contrast, miR-17-5p and miR-20a inhibit the expression of STAT3, reduce the production of ROS, and inhibit the immunosuppressive function of MDSCs ([@B69]).

![MicroRNAs (miRNAs) act as modulators between myeloid-derived suppressor cells (MDSCs)/tumor-associated macrophages (TAMs) and tumor cells **(A)** miRNAs expressed in MDSCs modulate tumor progression by regulating the expansion/immunosuppressive function of MDSCs; tumor-derived factors affect miRNA expression in MDSCs, affecting the accumulation of MDSCs at the tumor site. **(B)** miRNAs expressed in TAMs modulate tumor progression by regulating the polarization of TAMs; tumor-derived miRNAs affect TAM polarization and IL-10 production.](fimmu-09-02491-g0003){#F3}

Notably, the expression of miR-494 in MDSCs downregulates the protein levels of PTEN, increases the activity of the AKT pathway, and upregulates ARG1 and iNOS, thus contributing to the accumulation of MDSCs in the tumor tissue and promoting tumor cell invasion and metastasis. Contrarily, the knockdown of miR-494 inhibits the activity of MDSCs and inhibits tumor growth and metastasis of 4T1 murine breast cancer *in vivo*, suggesting that miR-494 plays a key role in the expansion and maintenance of tumor-associated MDSCs ([@B67]). A different study found that the levels of miR-155 and miR-21 are increased in bone marrow and spleen MDSCs of tumor-bearing mice; the authors showed that the overexpression of miR-155 and miR-21 induced the expansion of both monocytic and granulocytic MDSCs by targeting *SHIP-1* and *PTEN*, increased the production of ARG1 and iNOS, and enhanced immunosuppression ([@B68]). These data indicate that miRNAs play critical roles in the events governing the accumulation and function of tumor-expanded MDSCs.

Conversely, tumor-derived factors affect the function of MDSCs (Figure [3A](#F3){ref-type="fig"}). GM-CSF derived from tumor cells increases miR-200c levels in MDSCs and miR-200c, in turn, promotes the expansion and immunosuppressive activity of MDSCs by targeting *PTEN* and *FOG2*. Specifically, *in vivo* experiments have shown that miR-200c can remarkably promote tumor growth by modifying MDSCs ([@B70]). Similarly, TGF-β1, derived from breast cancer cells, increases the levels of miR-494 in MDSCs, enhances CXCR4-mediated MDSC chemotaxis, contributes to the accumulation of MDSCs in tumor tissues, and facilitates the invasion and metastasis of tumor cells ([@B67]).

MDSCs are heterogeneous populations of immature and suppressive myeloid cells that expand in nearly all diseases. In the TME, miRNAs regulate the balance between MDSCs and tumor cells and, thus, miRNAs might serve as potential therapeutic targets, both in MDSCs and tumor cells.

### miRNAs as modulators between TAMs and tumor cells

TAMs are key components of the TME, and they directly affect multiple processes in tumor development. In response to microenvironmental signals, TAMs undergo M1 or M2 polarization and, therefore, exert anti-tumoral or pro-tumoral functions ([@B71]). miRNAs are involved in the polarization of TAMs (Figure [3B](#F3){ref-type="fig"}). The overexpression of miR-155 in TAMs re-programs anti-inflammatory, pro-tumoral M2 TAMs to pro-inflammatory, anti-tumoral M1 macrophages ([@B71]). Similarly, in breast cancer TAMs, miR-19a-3p regulates the switch from an M2-like into an M1-like phenotype by targeting *Fra-1, VEGF*, and *STAT3*, contributing to the inhibition of metastasis ([@B72]). In contrast, miR-146a promotes the expression of M2 phenotype-associated molecules and promotes 4T1 tumor growth ([@B73]). Other miRNAs expressed in TAMs such as miR-142-3p ([@B74]), miR-125b ([@B75]), and miR-511-3p ([@B76]) also play vital roles in tumor progression. These studies show that the modulation of a single miRNA in TAMs could promote the activation of a specific signaling pathway and change the fate of tumor cells in the TME.

Furthermore, a recent study has shown that miRNAs in colorectal cancer cell-derived MVs contribute to tumor development and modulate the TME by regulating the polarization of TAMs ([@B77]) (Figure [3B](#F3){ref-type="fig"}). The authors found that miR-145 secreted by colorectal cancer cells via MVs is taken up by TAMs, targets histone deacetylase 11 (*HDAC11*) and *TLR4*, enhances the production of IL-10, promotes the polarization of TAMs to M2-like macrophages, and promotes tumor progression. In addition, MV-treated macrophages cause significant enlargement of the tumor ([@B77]).

The crosstalk of specific miRNAs between different immune and tumor cells has been widely demonstrated in the TME (all the representative miRNAs mentioned in the text related to the immune response in the TME are summarized in Tables [3](#T3){ref-type="table"}, [4](#T4){ref-type="table"}). Thus, miRNAs are potential targets in immunotherapy, and modulating specific miRNA expression in immune or tumor cells or both may have a significant effect on tumor defense.

###### 

Representative microRNAs (miRNAs) expressed in immune cells related to immune response in tumor microenvironment (TME).

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Tumor-derived/tumor-derived factors induced miRNAs**   **Host cells**   **Immune-related roles in the TME**                                                                                                **References**
  -------------------------------------------------------- ---------------- ---------------------------------------------------------------------------------------------------------------------------------- ----------------
  miR-17                                                   Th1 cells        Inhibits the differentiation of iTregs, enhances Th1 response to tumor cells                                                       ([@B20])

  miR-19b, 24, 181                                         Th1 cells        Promote the proliferation of Th1 cells and production of IFN-γ, inhibit the differentiation of iTregs, inhibit tumor progression   ([@B20])

  miR-21                                                   Tregs            Reduces the proliferation of Tregs, abrogates immunosuppressive capacity                                                           ([@B26])

  miR-31, 210, 17-92 cluster                               Tregs            Promote the expression of Foxp3 and IL-10, enhance immunosuppressive function                                                      ([@B27])

                                                                                                                                                                                                               ([@B28])

                                                                                                                                                                                                               ([@B29])

  miR-29, 146a, 155                                        CD8^+^T cells    Promote/inhibit the production of IFN-γ, affect tumor growth                                                                       ([@B31])

                                                                                                                                                                                                               ([@B32])

  miR-17-92 cluster, 23a                                   CD8^+^T cells    Promote/inhibit the production of perforin/granzyme B, regulate tumor progression                                                  ([@B34])

                                                                                                                                                                                                               ([@B35])

  miR-155 et al                                            NKs              Promote/inhibit the production of IFN-γ, affect tumor growth                                                                       ([@B13])

  miR-150 et al                                            NKs              Inhibit the production of perforin/granzyme B, promote tumor progression                                                           ([@B56])

  miR-182                                                  NKs              Promotes the expression of activating receptors NKG2D, enhances cytotoxicity of NKs                                                ([@B38])

  miR-22                                                   DCs              Inhibits polarization of Th17, downregulates CD40, CD80, CD86, decreases the antitumor activity of DCs                             ([@B59])

  miR-155, 301                                             DCs              Promote DCs maturation, enhance the capacity of T cell activation, abrogate tumor progression                                      ([@B60])\
                                                                                                                                                                                                               ([@B62])\
                                                                                                                                                                                                               ([@B61])

  miR-494, 21, 155                                         MDSCs            Upregulate ARG1 and iNOS, enhance immunosuppression                                                                                ([@B67])\
                                                                                                                                                                                                               ([@B68])

  miR-17-5p, 20a                                           MDSCs            Reduce the production of ROS, inhibit the immunosuppressive function of MDSCs                                                      ([@B69])

  miR-146a, 155 et al                                      TAMs             Regulate the polarization of TAMs to M1/M2 phenotype, change the fate of tumor cells                                               ([@B71])\
                                                                                                                                                                                                               ([@B73])
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Representative tumor-derived/tumor-derived factors induced microRNAs (miRNAs) related to immune response in tumor microenvironment (TME).

  **Tumor-derived/tumor -derived factors induced miRNAs**   **Host cells**   **Immune-related roles in the TME**                                                                                **References**
  --------------------------------------------------------- ---------------- ------------------------------------------------------------------------------------------------------------------ -------------------
  miR-24-3p                                                 Th1 cells        Affects the secretion of cytokines such as IFN-γ, reduces the antitumor effect                                     ([@B22])
  miR-214                                                   Tregs            Increases the secretion of IL-10 by Tregs, promotes tumor growth                                                   ([@B30])
  miR-491                                                   CD8^+^ T cells   Decreases proliferation, IFN-γ production, increases apoptosis of CD8^+^ T cells, enhances tumor immune escape     ([@B36])
  miR-23a                                                   NKs              Reduces IFN-γ production and CD107a expression of NKs, enhances immunosuppressive effect                           ([@B58])
  miR-212-3p, 203                                           DCs              Decrease expression of MHC-II, inhibit maturation and differentiation, induce immune tolerance of DCs              ([@B63]) ([@B64])
  miR-200c, 494                                             MDSCs            Promote MDSCs expansion and accumulation of MDSCs in tumor tissues, facilitate tumor invasion and metastasis       ([@B67]) ([@B70])
  miR-145                                                   TAMs             Enhances the production of IL-10 and the polarization of TAMs to M2-like macrophages, promotes tumor progression   ([@B77])

miRNAs as modulators between CAEs and tumor cells
-------------------------------------------------

Endothelial cells are important components of tumor stroma. They line the interior surface of blood vessels and lymphatic vessels and in TME, the unregulated growth and migration of CAEs contribute considerably to angiogenesis and regulation of tumor metastasis ([@B78]). Altered expression of miRNAs in CAEs also affect tumor progression as shown in Figure [4A](#F4){ref-type="fig"}. In a HCC model, when endothelial cells were co-cultured with HCC cells, miR-146a, miR-181a^\*^, and miR-140-5p were significantly upregulated and miR-302c was downregulated. Among these miRNAs, the upregulation of miR-146a was found to promote CAEs proliferation, vascularization, and tumor growth ([@B79]). Mechanism proof studies revealed that miR-146a promoted the expression of platelet-derived growth factor receptor α (PDGFRA) in CAEs, which was mediated by BRCA1 ([@B79]). Moreover, overexpression of PDGFRA in the CAEs of HCC tissues was found to be associated with microvascular invasion and predicted a poorer prognosis, indicating that miR-146a plays a key role in regulating the angiogenetic activity of CAEs in HCC ([@B79]). Other miRNAs such as miR-296 were also found to be upregulated in CAEs in a glioma model, which was found to promote angiogenesis by increasing endothelial cells and finally promote tumor growth ([@B80]).

![microRNAs (miRNAs) act as modulators between cancer-associated endothelial cells (CAEs)/cancer-associated fibroblasts (CAFs) and tumor cells **(A)** miRNAs expressed in CAEs modulate tumor progression by regulating the microvascular invasion and angiogenesis activity of CAEs; tumor-derived miRNAs affect the angiogenesis capacity of CAEs. **(B)** miRNAs expressed in CAFs modulate tumor progression by regulating the migration and chemokine production; tumor-derived factors affect miRNAs expression in CAFs, further affect the transdifferentiation of myofibroblasts.](fimmu-09-02491-g0004){#F4}

miRNAs derived from tumor cells could also affect angiogenesis of CAEs as shown in Figure [4A](#F4){ref-type="fig"}. In a study of patients with HCC, a high level of miR-210-3p (miR-210) was detected in the exosomes isolated from the sera of the patients. Further studies demonstrated that HCC cell-derived exosomal miR-210 could be delivered to CAEs, enhancing angiogenesis ([@B81]). Subsequent *in vivo* studies revealed that subcutaneous tumor xenografts treated with HCC cells-derived exosomal miR-210 showed much more vessels and a larger tumor volume than control group without exosomal miRNA ([@B81]). These findings revealed that miR-210 may be used as a potential therapeutic target in anti-HCC therapy.

Endothelial cells are critical for angiogenesis and regulating tumor metastasis, deregulated miRNAs expression in CAEs do affect the tumor progression, this reminds us that targeting miRNAs in CAEs could be a new approach for cancer therapy.

miRNAs as modulators between CAFs and tumor cells
-------------------------------------------------

In the TME, fibroblasts regulate angiogenesis and metastasis of tumor cells, and miRNAs are notable key regulators of the tumor promoting function of CAFs as shown in Figure [4B](#F4){ref-type="fig"}. A miRNA array analysis of CAFs in breast cancer showed that six miRNAs were significantly downregulated, consisting of miR-7f, miR-7g, miR-15b, miR-26b, miR-30b, and miR-107. Furthermore, among these miRNAs, miR-26b was the most highly deregulated, and its downregulation in CAFs promoted the migration of fibroblasts and further promoted the invasion of breast cancer cells ([@B82]). Similarly, miR-31 and miR148a were also found to be downregulated in CAFs in endometrial cancer, which finally promoted tumor invasiveness and growth ([@B83], [@B84]). Moreover, miR-214 in CAFs was reported to be downregulated in patients with ovarian cancer and in addition, the expression of the pro-tumorgenetic chemokine CCL5 was enhanced, finally promoting the invasion and growth of ovarian cancer cells ([@B85]).

Tumor-derived factors such as TGF-β could also regulate the expression of miRNAs in CAFs, further affecting tumor progression as shown in Figure [4B](#F4){ref-type="fig"}. For example, miR-21 was reported to be upregulated in CAFs by colorectal tumor-derived TGF-β, increased expression of miR-21 was shown to upregulate α-SMA, which promotes CAFs transdifferentiation into myofibroblasts, resulting in increased proliferative capacity of colorectal cancer ([@B86]). TGF-β was also shown to upregulate CAFs miR-143 in gastric cancer, which finally promoted tumorigenesis by enhancing the expression of collagen type III ([@B87]).

Taken together, these data highlight the importance of miRNAs deregulation in CAEs and CAFs, and identify a potential application for stromal miRNAs as biomarkers in cancer.

A perspective on miRNAs in cancer therapy {#s3}
=========================================

Recent and ongoing investigations have enhanced our knowledge of the function of miRNAs in tumor biology and immune cell development. miRNAs can affect tumor progression by regulating gene expression in tumor cells or modulating the function of immune cells in the TME. Because of their multiple functions in physiological processes, miRNAs are considered as potential biomarkers in diagnostics and prognosis of various cancers ([@B7]). In a study of 391 patients with non-small cell lung cancer (NSCLC), serum miRNAs were shown to serve as predictors and biomarkers of survival for patients with advanced NSCLC ([@B88]).

miRNAs are also proposed to be therapeutic targets. miRNAs that act as suppressors of tumorigenesis need to be overexpressed, while those inducing tumorigenesis need to be silenced. The current strategy to overexpress or inhibit miRNAs uses the delivery of synthetic oligoribonucleotides, which mimic the native miRNA duplex or are antisense RNA. Different types of vehicles have been synthesized as carriers of miRNA mimics and antagonists, including liposomes, polymers, nanoparticles, and viral agents ([@B89]); they have been found to improve the efficiency and specificity of the systemic delivery of miRNA ([@B90]--[@B92]). We have indicated that several examples showing tumor-derived MVs could modulate the immune response. Thus, cell-derived exosomes containing immune-related miRNAs might be used as therapeutic agents to enhance antitumor immunity.

While many studies indicate the possible clinical application of miRNAs ([@B93]), clinical trials have tested the efficacy of miRNA-based cancer therapeutics. MRX34, a synthetic miR-34a, was used in a phase I clinical trial in patients with primary liver cancer and liver metastasis in 2013. In the study, miR-34a, a tumor suppressor downstream of p53, was overexpressed by loading it into liposomal nanoparticles ([@B94]). Although it originally seemed promising, the study was halted in 2016 because of multiple adverse immune-related events. In addition, many ASOs have also been tested in clinical trials. These therapies are RNA-based (not miRNA-based); they do not knockdown or overexpress miRNAs but target oncogenes such as *Bcl-2* (NCT00285103) in CLL, *STAT3* (NCT01563302) in DLBCL and lymphoma, and *MYC* (NCT02314052) in HCC. These therapeutics have already reached phase I/II (<https://clinicaltrials.gov/>).

Although miRNA-based therapies provide hope for their clinical application, some issues need to be considered: (1) miRNAs target molecules in both normal and cancer cells, and their efficacy and safety need to be tested; (2) miRNA-based agents are easily degraded and, therefore, new approaches are necessary to enhance their stability and prevent degradation by nucleases; (3) because the therapeutics need to reach target tissues, their half-life has to be long enough; and (4) to avoid miRNA-based therapeutics being taken up by normal cells, proper delivery systems need to be developed.

Conclusion {#s4}
==========

miRNAs are multifunctional molecules that play essential roles in physiological processes, and the deregulation of miRNAs is often associated with human diseases. In this review, we have discussed the crosstalk of miRNAs between immune cells, CAEs, CAFs, and tumor cells in the TME and have summarized the potential clinical application of miRNA-based therapeutics. While most of the investigations focus on the deregulation of miRNAs in cancer cells, the altered expression of miRNAs in immune cells, CAEs and CAFs in the TME can also affect tumor progression. Thus, the identification of these altered miRNAs may lead to the discovery of novel biomarkers for immunotherapy. Overall, in consideration of the complex functions of miRNAs in different cell types, we believe that in the future, miRNA-based therapeutics will be used to treat a broad range of human diseases.
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